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The cortical representation of pain
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Abstract

Anatomical and physiological studies in animals, as well as functional imaging studies in humans have shown that multiple cortice
areas are activated by painful stimuli. The view that pain is perceived only as a result of thalamic processing has, therefore, be
abandoned, and has been replaced by the question of what functions can be assigned to individual cortical areas. The following corti
areas have been shown to be involved in the processing of painful stimuli: primary somatosensory cortex, secondary somat
sensory cortex and its vicinity in the parietal operculum, insula, anterior cingulate cortex and prefrontal cortex. These areas probal
process different aspects of pain in parallel. Previous psychophysical research has emphasized the importance of separating |
experience into sensory-discriminative and affective-motivational components. The sensory-discriminative component of pain can |
considered a sensory modality similar to vision or olfaction; it becomes more and more evident that it is subserved by its own apparat
up to the cortical level. The affective-motivational component is close to what may be considered ‘suffering from pain’; it is clearly
related to aspects of emotion, arousal and the programming of behaviour. This dichotomy, however, has turned out to be too simple
explain the functional significance of nociceptive cortical networks. Recent progress in imaging technology has, therefore, provided
new impetus to study the multiple dimensions of paifil 1999 International Association for the Study of Pain. Published by Elsevier
Science B.V.
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1. Introduction surgical interruption of the spinothalamic tract does
not abolish pain sensation completely (Lahuerta et al.,
For many years it has been a matter of debate whether1994).
the cerebral cortex is involved in pain perception at all. The  Single cell recordings in the monkey established many
idea that pain is perceived in the thalamus dates back toyears ago, that nociceptive pathways in the somatosensory
the report by Head and Holmes (1911), which was based system project to area 3b and 1 of the primary somatosen-
on careful observations in 16 patients with cortical lesions sory cortex (Kenshalo and Isensee, 1983), as well as to the
and 24 patients with thalamic lesions. Other authors secondary somatosensory cortex and neighbouring pos-
have presented evidence for impairment of pain sensationterior parietal cortex (Dong et al., 1989). Why then, has
following cortical lesions (Marshall, 1951), but analgesia is the involvement of the cerebral cortex in pain sensation
not a prominent symptom of such lesions (for review see been denied for such a long time? This may be partly due
Kenshalo and Willis, 1991). On the other hand, even to an overemphasis on the suffering component that is part
of the pain experience. The definition of pain developed
by the IASP, however, clearly indicates that pain has a

- sensory component in addition to its strong emotional com-
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Pain is an unpleasant sensory and emotional experi- 1997; Derbyshire et al., 1997). This topical review was
ence associated with actual or potential tissue inspired by discussions during a topical workshop at the
damage or described in terms of such damage, (Mers-  8th World Congress on Pain in Vancouver (Treede et al.,
key, 1986). 1996).

Any conceptual framework of the cortical representation
of pain has to take into account its multiple dimensions, 2. Cortical areas that receive information from the
such as the sensory-discriminative, affective-motivational, spinothalamic tract
and cognitive-evaluative components of pain (Melzack
and Casey, 1968). The sensory-discriminative compon- One way of identifying cortical areas with potentially
ent of pain has been ascribed to the lateral nociceptive nociceptive function is to follow the projection pathways
system, which projects through specific lateral thalamic originating in the nociceptive areas of the spinal cord dorsal
nuclei. This part of the nociceptive system has been studiedhorn (lamina | and V). This way, several nuclei in the lateral
extensively, and evidence has accumulated that its cellu-thalamus (VPL, VPM, VPI, VMpo) and in the medial tha-
lar properties (from primary afferents to the somatosensory lamus (CL, MDvc, Pf) have been identified, which in turn
cortex) can fully account for the sensory-discrimina- project to the cortical areas shown in Fig. 1. The distinction
tive capacity of pain perception. The central processing of a lateral and medial nociceptive system is thus projected
of the affective-motivational component of pain in the also to the cortical level, with primary and secondary soma-
medial nociceptive system (named after its projection tosensory cortex (Sl and Sll) belonging to the lateral and
through medial thalamic nuclei) is less clear, possibly in anterior cingulate cortex to the medial system. The insula
part because it involves intralaminar thalamic nuclei which takes up an intermediate position since it receives its major
are known to provide non-specific input to large parts of input from the lateral system, but itself projects to the limbic
the cerebral cortex. Likewise, there does not seem to be system. Within the thalamic nuclei listed in Fig. 1, there are
much progress in our understanding of the neurobio- groups of neurons that exclusively receive nociceptive
logical basis of the cognitive-evaluative component of input. Since these cell groups are surrounded by neurons
pain. with other properties, anatomical data on the cortical pro-

Since positron emission tomography (PET) was first jection of entire thalamic nuclei often do not allow to dis-
used to study functional activation in the human brain by tinguish between nociceptive and non-nociceptive
acute heat pain (Jones et al., 1991; Talbot et al., 1991), theprojections. For the primary and secondary somatosensory
cortical representation of pain has become one of the mostcortex the specifically nociceptive projection pathways have
active areas in pain research. Both studies agreed in that abeen determined by identifying thalamocortical projection
part of the anterior cingulate cortex was activated (a pro- neurons within these nuclei that are in close contact with
jection target of the medial nociceptive system), but dis-
agreed on the activation of the somatosensory cortex (a
projection target of the lateral nociceptive system). These
and several subsequent studies have demonstrated that the
medial nociceptive system also involves parts of the cere- dortex:
bral cortex. As a consequence, the participation of the cer-
ebral cortex in pain perception is no longer seriously
doubted, and the emphasis in current dispute has shifted
towards the question of what specific functions the cortical

lateral system: medial system:

. . . . thalamus:
areas subserve in pain perception. It appears likely that ———
sensory, affective and other dimensions of pain are pro-
cessed in parallel by different parts of the nociceptive sys-
tem.

In this topical review we intend to discuss the cortical

representation of pain from several different viewpoints,

including anatomical and physiological approaches in ani- _ ) o i ) )

Is. as well as human data. Combplete presentation of theFIg.' 1. Qort|ca| areas that receive |nf<_)rmat|0r1 frqm the splnothalamlc tract.
ma ! . p p - Main spinothalamic and thalamocortical projections were summarized and
literature is beyond the scope of this paper. Readers inter-gimpiified from several reports on the central nociceptive pathways in the
ested in more detail may consult recent reviews on anato- monkey (Vogt et al., 1979; Willis, 1985; Apkarian and Shi, 1994; Craig,
mical and physiological data (Kenshalo and Willis, 1991; 1996). Cortico-cortical connections are not shown. ACC, anterior cingu-
Kenshalo and Douglass, 1995), human electrophysiological Ic;alte c?rtexl; CL, ;?ntrolaftera! nLIJcIeus;IMDvg,Iven_trocaudal part of medial

. orsal nucleus; Pf, parafascicular nucleus, SI, primary somatosensory cor-
O_'ata (,Cher!’ 1993,-Bromm ajnd Desmedt, 1995)_’ and func- tex; Sll, secondary somatosensory cortex; VMpo, posterior part of ventro-
tional imaging studies (Coghill et al., 1994; Apkarian, 1995; myedial nucleus; VPI, ventral posterior inferior nucleus; VPL, ventral

Hsieh et al., 1995; Vogt et al., 1996; Casey and Minoshima, posterior lateral nucleus; VPM, ventral posterior medial nucleus.
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synaptic endings of spinothalamic tract axons (e.g. Apkar- tion have been found to accurately encode stimulus duration
ian and Shi, 1994); the proportion of nociceptive input is (Dong et al., 1989). In the same region, about half of the
less clear for the pathways leading to the insula and the heat-sensitive nociceptive neurons encoded intensity of
anterior cingulate cortex. Parts of the prefrontal cortex are noxious heat stimulation (Dong et al., 1994). In general,
also implied in nociceptive processing (Jones and Derby- however, encoding of stimulus intensity was found to be
shire, 1996). In rat, the ventrolateral orbital cortex receives poor. For these reasons, Sll and its vicinity do not seem to
projections from the nucleus submedius of the thalamus, play a prominent role in the sensory-discriminative compo-
which is a projection target of the spinothalamic tract (for nent of pain. Task-related responses and convergence with
review see Kenshalo and Douglass, 1995). The equivalentvisual input (for threatening stimuli approaching the noci-
nucleus in the primate thalamus, however, has not beenceptive receptive field) instead suggest a role in spatially
identified unequivocally. Prefrontal, as well as other cortical directed attention towards noxious stimuli (Dong et al.,
areas may receive nociceptive input via cortico-cortical con- 1994; Kenshalo and Douglass, 1995).

nections; these connections, however, are difficult to trace Nociceptive neurons in the anterior cingulate cortex have
because no cortical area has been identified that exclusivelylarge receptive fields that may encompass the whole body
processes nociceptive input and could thus be the startingsurface and they exhibit some intensity coding for noxious
point for an anatomical tracer study. mechanical stimuli (Sikes and Vogt, 1992; Yamamura et al.,

Physiological studies use functional criteria that are inde- 1996). The receptive field properties of these cortical neu-
pendent of whether the projection is direct or indirect, to rons are similar to those of the medial thalamic nuclei and
identify cortical areas that receive information from the the spinal neurons that project to these nuclei (Willis, 1985).
spinothalamic tract. These functional criteria consist of the The anterior cingulate cortex is thought to play a role in
identification of properties that are known to be specific for affective-motivational pain processing because it is part of
primary nociceptive afferents (high threshold, intensity cod- the limbic system and has efferent connections to other
ing in the noxious range, polymodality, sensitization follow- limbic, motor and autonomic nervous system areas. There
ing injury as a correlate of primary hyperalgesia) or second- is no positive evidence for this function from single cell
order nociceptive neurons in the spinal cord (receptive field recordings; rather, the neuronal properties were found not
changes following injury as a correlate of secondary hyper- to be suitable for sensory-discriminative coding.
algesia). Only three cortical regions have been studied in  Another cortical area that projects to the limbic system
some detail with single cell recordings: primary somatosen- and receives nociceptive input is the insula. The somatosen-
sory cortex (e.g. Kenshalo and Isensee, 1983; Lamour et al.,sory region within the insula comprises parts of the posterior
1983), secondary somatosensory cortex (Robinson and Bur{granular) and anterior (dysgranular) areas; it is part of a
ton, 1980; Dong et al., 1989), and anterior cingulate cortex sensory-limbic projection pathway from Sl to the amyg-
(Sikes and Vogt, 1992; Yamamura et al., 1996). All three dala, and is considered to be involved in tactile object recog-
areas contain both nociceptive specific neurons that only nition and tactile learning (Friedman et al., 1986).
respond to noxious stimuli and wide-dynamic-range neu- Nociceptive input from the spinothalamic tract has been
rons that have convergent input from nociceptive and suggested to reach anterior parts of the insula directly via
other afferents. the thalamic relay nucleus VMpo (Craig et al., 1994). The

Nociceptive neurons in the primary somatosensory cortex insula is also considered a visceral sensory and visceral
are arranged in clusters that do not occupy all layers within a motor area (for review see Augustine, 1996), and may
cortical column but seem to be confined to the deeper layersthus serve a sensory integrative function for pain, taste
111-V (for review see Kenshalo and Douglass, 1995). These and other visceral sensations, as well as tactile and vestib-
neurons have small receptive fields that are arranged in aular input. Due to its projection to the amygdala, the insula
somatotopic pattern along the post-central gyrus (Lamour etmay also be involved in affective and emotional processes.
al., 1983). They encode graded stimulus intensities and their
response properties change after injury consistent with both
primary and secondary hyperalgesia. These neurons are welB. The sensory-discriminative component of pain
suited to subserve sensory-discriminative aspects of pain.

Although the secondary somatosensory cortex receives The sensory-discriminative component of pain encom-
appropriate spinothalamic projections, evidence from single passes at least three aspects: stimulus localization, intensity
cell recordings for nociceptive neurons along the upper bank discrimination and quality discrimination. The human capa-
of the lateral sulcus is mixed. Some nociceptive neurons city to perceive the location of tissue injury is used daily in
with large receptive fields have been described in the caudalmedical practice, when doctors ask the question ‘where does
part of Sl (Whitsel et al., 1969) and in neighbouring areas it hurt?’. Localization of noxious stimuli is precise for the
7b and retroinsular cortex (Robinson and Burton, 1980), but skin, more difficult for deep tissue such as joints and mus-
the core of Sl appears to contain few nociceptive neurons. cles, and notoriously poor for the viscera (for recent experi-
In the border region between area 7b and Sll, some neurongnental data see Arendt-Nielsen, 1997). Stimulus
that responded exclusively to noxious mechanical stimula- localization has traditionally been ascribed to simultaneous
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activation of the ‘lemniscal’ pathways. This notion is based zation, but only marginally altered pain intensity discrimi-
on the unfair comparison of tactile acuity at the finger tips nation (Greenspan et al., 1997). Intensity coding has been
and referred pain from viscera. Tactile acuity outside the demonstrated for nociceptive neurons in Sl and to a certain
‘foveal’ area of the finger tips and lips, however, is much extent also in Sll. Intensity coding is a poor criterion to
less than commonly appreciated. On the human hand, foridentify neurons involved in sensory-discriminative aspects
example, the mean localization error for tactile stimuli was of pain, since the affective-motivational component of pain
12 £+ 2 mm; localization of laser radiant heat stimuli in the also depends on stimulus intensity. In a study that demon-
same skin area was almost equal with amean error éf34  strated different relative unpleasantness of four experimen-
mm (Moore and Schady, 1995). Cutaneous localization of tal painful stimuli, perceived intensity and unpleasantness
Ads-fiber mediated pricking pain is very good, and is both were nevertheless related to stimulus intensity (Rain-
mediated by nociceptive afferents, because these radiantville et al., 1992). Likewise, neurons in medial thalamic
heat pulses do not activate mechanoreceptors (Bromm etnuclei of primates (CL, CM, Pf, LD, MD) and in anterior
al., 1984). Similar values were reported for burning pain cingulate cortex of the rabbit have been shown to encode the
(Moore and Schady, 1995), suggesting that even C-fiber intensity of noxious heat stimuli (Bushnell and Duncan,
mediated pain is well localized. This result sharply contra- 1989; Sikes and Vogt, 1992).
dicts a widely accepted view, but has been supported by a Current evidence supports the traditional view that the
study that demonstrated mean localization errors of aboutlateral nociceptive system subserves the sensory-discrimi-
10 mm for heat stimuli, mustard oil and histamine, during an native component of pain. Different aspects of this pain
A-fiber block by nerve compression (Koltzenburg et al., component (detection, localization, intensity discrimina-
1993). tion, quality) may be processed in parallel by separate path-
These psychophysical findings demonstrate that the noci-ways. In contrast to traditional views, there is no evidence
ceptive system in humans provides sufficient spatial infor- that the lemniscal system participates in any of these func-
mation to account for our capacity to know ‘where it hurts’. tions. Thus, nociception is established as a sensory modality
What is the neural basis for this capacity? Receptive fields within the somatosensory system.
of nociceptive neurons show somatotopic organization in
the dorsal horn (Woolf and Fitzgerald, 1986), lateral thala-
mus (Albe-Fessard et al., 1985; Lenz et al., 1994) and the 4. The affective-motivational component of pain
primary somatosensory cortex (Lamour et al., 1983; Ken-
shalo and Willis, 1991). Receptive field sizes in Sl are  The IASP definition of pain puts a major emphasis on the
smaller than in the spinal cord and thalamus, possibly due unpleasantness of the experience mediated by the nocicep-
to lateral inhibition, and match the pain localization capa- tive system (Merskey, 1986). Thus, the affective-motiva-
city. Thus, all existing evidence favours the view that Sl is tional component is an essential part of pain sensation.
involved in stimulus localization for the nociceptive system, This component encompasses several aspects that are clo-
as well as the tactile system (this does not imply that the sely related: the negative hedonic quality and emotional
body scheme actually resides in Sl, neither for pain nor for reactions (‘I don't like it’), a general activation or arousal
touch). Indirect evidence for this concept is provided by and stimulus-related selective attention, and the drive to
PET studies in humans: those studies that used heat stimuliterminate the stimulus causing this sensation (‘stop it’).
at several spots demonstrated increased perfusion of SISome of these functions can be considered second-order
(Talbot et al.,, 1991; Casey et al.,, 1994; Coghill et al., sensory processing, whereas the latter is a premotor func-
1994), whereas studies with fixed stimulus location did tion. The affective-motivational component of pain is clas-
not (Jones et al., 1991; Derbyshire et al., 1994). This may sically associated with the medial nociceptive system,
be interpreted to indicate that only tasks with a stimulus which in turn is connected to the limbic system.
localization component activate Sl. This hypothesis, how-  One part of the medial nociceptive system, the anterior
ever, has not yet been proved explicitly in a prospective cingulate cortex, has recently become the focus of attention,
study. as virtually all PET studies of acute pain stimuli gave evi-
The capacity to encode different intensities of noxious dence of activation in that area (for review see Casey and
stimuli is one of the criteria to identify nociceptive neurons Minoshima, 1997), including one study where pain was
(Dubner et al., 1977; Willis, 1985). Several authors have elicited as an illusion by combination of non-noxious sti-
proposed that WDR neurons encode stimulus intensities muli (Craig et al., 1996). Each of the three dipole source
better than nociceptive specific neurons (e.g. Maixner et analyses of pain related evoked potentials also yielded a
al., 1986). Since WDR neurons often have large receptive dipole in this area (Tarkka and Treede, 1993; Bromm and
fields, this could indicate that stimulus localization and Chen, 1995; Valeriani et al., 1996). The anterior cingulate
intensity discrimination are subserved by two different cortex is a functionally heterogeneous brain area that has
channels of the nociceptive system. This concept was sup-been implicated in the integration of affect, cognition and
ported by a recent case report on a patient with a lateral response selection in addition to aspects of social behaviour
thalamic lesion, who showed very poor pain spatial locali- (for review see Devinsky et al., 1995). Passive functions
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(emotion, attention) are represented more frontally, whereasTable 2
a premotor part of the anterior cingulate cortex is situated

. Components of a task involving painful stimuli
more posteriorly below the supplementary motor area

(Picard and Strick, 1996). The centre of the area activated Component Examples

by acute painful stimuli was either between these locations Sensory discriminative  Discrimination of stimulus location,

(e.g. Hsieh et al., 1995), or consisted of a posterior site in the intensity, quality

mid-cingulate cortex and an anterior site in the perigenual Sensory integrative Integration of tactile, nociceptive

cingulate cortex (Vogt et al., 1996). It is still debated, _ o and other input _

whether the anterior cingulate cortex contains a specific Affective motivational Hedolnlc quality, aro_usal, response selection
. . . . . o Motor Planning and execution of motor programs

nociceptive area, or whether painful stimuli non-specifically - sjyation specific Claustrophobia inside MRI scanner

recruit several cingulate areas, such as the mid-cingulate
executive (premotor) area and perigenual areas that may
be more concerned with affective processing and autonomicintensity but differ as to unpleasantness. A recent study on
responses. selective manipulation of unpleasantness by hypnosis is a
Activation of the anterior cingulate cortex apparently was first step in this direction (Rainville et al., 1997).
independent of explicit motor tasks in the PET studies, The affective-motivational component of pain may also
because subjects were instructed to give ratings of perceivedbe processed in the insula. Contralateral insula was the sec-
intensity only after the scan (Jones et al., 1991; Talbot et al., ond most frequently activated area in the human PET stu-
1991; Casey et al., 1994; Coghill et al., 1994). It has been dies of acute pain, only surpassed by the anterior cingulate
argued that lying quietly inside a PET scanner while experi- cortex (Casey and Minoshima, 1997). The insula projects to
encing painful stimuli requires active suppression of motor parts of the amygdala (Augustine, 1996), a part of the limbic
commands for withdrawal. This hypothesis is open to system that is traditionally associated with emotions. Due to
experimental verification by varying the motor component their close proximity, insula and SlI are difficult to separate
of the tasks used. Moreover, it may be useful to perform in imaging studies in humans.
psychophysical studies that quantify the motivational com-
ponent for different painful stimuli. To pinpoint the cortical
representation of the motivational component of pain, future 5. Conclusions and outlook
imaging studies may then use painful stimuli that are
matched for subjective intensity, but differ with respect to  The cortical representation of pain has become an impor-
their drive to withdraw. tant matter of current debate due to recent imaging studies.
Activation of the anterior cingulate cortex is often inter- In spite of some controversies about details the degree of
preted to represent the affective (suffering) component of consistency across these studies is remarkable, and the list
pain. Two caveats apply: (1) brief experimental pain stimuli of cortical areas that are supposed to subserve nociceptive
evoke less of an affective response than clinical pain or functions is relatively short (Table 1). For most of these
some tonic pain models such as the cold pressor testareas, however, more than one putative function has been
(Chen and Treede, 1985) (2) the painful stimulus used in proposed. By looking at small differences in experimental
the PET studies (noxious heat) evokes an even lower affec-paradigms between studies, a retrospective analysis may
tive response than, e.g. electrically-evoked or ischemic painlead the way how to differentiate between these functions
(Rainville et al., 1992). To pinpoint the representation of the (e.g. stimulus localization as a prerequisite for Sl activa-
affective component of pain, subtraction studies are neededtion). An important task for the future is to perform con-
with two painful stimuli that are matched for subjective trolled prospective studies to test these hypotheses. In
addition to PET, which is available only at a limited number
Table 1 of centres, other imaging techniques such as single photon
Putative functional roles of cortical areas that are activated by noxious emISSIO_n computed _tomo_graphy (SPECT) and functional
stimuli magnetic resonance imaging (fMRI) can be used to address
the same problems. By employing modern source analysis

Cortical area Possible functions techniques, electro- and magneto-encephalographic (EEG
Sl Sensory discriminative in general, and MEG) studies will also be able to contribute to solve
alternatively: stimulus localization the puzzle of cortical representation of pain. All of these
Sitand 7b Se?sﬁry d'.”te?rzt“’?t (t?.“Ch' pain, visual), - spydies face the problem that even psychophysical tasks
Insula Sé’:nlsofy ilnr;;faﬁfe?ofcnh pain, taste, using controlled experimental painful stimuli have many
vestibular), visceral sensory, visceral components (Table 2) that will activate several different
motor, limbic integration brain areas. Clinical pain states in addition reflect plastic
Anterior cingulate Response selection, motor suppression, changes of the central nervous system, and were therefore

attention, affect

. deliberately not discussed in this topical review.
Prefrontal cortex Affect, emotion, memory

What is needed most in the near future, therefore, is not
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an improvement in imaging techniques, but rather the devel- M.C. and Duncan, G.H., Distributed processing of pain and vibration by
opment of new experimental paradigms that separate differ- _the human brain, J. Neurosci., 14 (1994) 4095-4108.

. . Craig, A.D., An ascending general homeostatic afferent pathway originat-
ent aspects of pain more clearly than currently possible. ing in lamina I, Prog. Brain Res., 107 (1996) 225-242.

This way, the recent PET studies have brotht us back to Craig, A.D., Bushnell, M.C., Zhang, E.T. and Blomqvist, A., A thalamic
the roots of the IASP, i.e. to the definition of pain and itS  nucleus specific for pain and temperature sensation, Nature, 372 (1994)
components (cf. Melzack and Casey, 1968). Instead of pro- 770-773.

viding a final answer about the cortical representation of Craig. A.D., Reiman, EM., Evans, A. and Bushnell, M.C., Functional

. . - - _ imaging of an illusion of pain, Nature, 384 (1996) 258—-260.
pain, these studies have raised new questions for psycho Derbyshire, S.W.G., Jones, A.K.P., Devani, P., Friston, K.J., Feinmann, C.,

physical research on the multiple dimensions of pain, espe-  paris, M., Pearce, S., Watson, J.D.G. and Frackowiak, R.S.J., Cerebral
cially its affective-motivational and cognitive-evaluative responses to pain in patients with atypical facial pain measured by
constituents. positron emission tomography, J. Neurol. Neurosurg. Psychiatry, 57
(1994) 1166-1172.
Derbyshire, S.W.G., Jones, AK.P., Gyulai, F., Clark, S., Townsend, D.
and Firestone, L.L., Pain processing during three levels of noxious
Acknowledgements stimulation produces differential patterns of central activity, Pain, 73
(1997) 431-445.
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